The successful invasion of Plasmodium is an essential step in their life cycle. The parasite reticulocyte-binding protein homologues (RHs) and erythrocyte-binding like proteins are two families involved in the invasion leading to merozoite-red blood cell (RBC) junction formation. Ca 
and Ca 2+ has been shown to regulate the development of P. falciparum. Also, Ca 2+ is necessary for merozoite invasion (Wasserman, Alarcon, & Mendoza, 1982; Wasserman, Vernot, & Mendoza, 1990) . Previous work has shown that exposing merozoites to the physiological level of K + drives an increase in the Ca 2+ in the merozoite followed by the release of microneme proteins such as EBA175 and AMA1 (Singh, Alam, Pal-Bhowmick, Brzostowski, & Chitnis, 2010) . In addition, Ca 2+ activates kinases such as Ca 2+ dependent kinases and protein kinase B, which lead to the phosphorylation or cleavage of proteins in the merozoite during the invasion (Chini, Nagamune, Wetzel, & Sibley, 2005; Wernimont et al., 2010) . In P. bergei and P. yoelii, it has been shown that extracellular ATP triggers an increase in cytosolic Ca 2+ and proteolytic processing of MSP1 (Cruz et al., 2012) . Recent work has highlighted that the interaction between RH1 (Gao et al., 2013) or RH2b (Aniweh, Gao, Gunalan, & Preiser, 2016 ) and the RBC directly or indirectly mediate a merozoite Ca 2+ signal that subsequently triggers the discharge of micronemal proteins EBA175. Invasion inhibitory antibodies against RH1 or RH2b inhibit this Ca 2+ signals preventing the discharge of microneme proteins essential for junction formation (Aniweh et al., 2016; Gao et al., 2013; Singh et al., 2010) . Very little is known to date about the importance of the host RBC signaling events during merozoite invasion. It is though clear that there are numerous changes in the RBC such as deformation and echinocytosis during the initial steps of the invasion that would suggest that the parasite manipulates certain signaling cascades in the RBC during invasion. Understanding these events would provide a potential alternative intervention strategy that focuses on conserved RBC signaling pathways. RH5 with 63 kDa in size is the smallest member of the RHs due to the lack of a transmembrane domain and cytosolic region at the C-terminus. RH5 is absolutely essential for P. falciparum (Baum et al., 2009) and that antibodies targeting RH5 interaction with its receptor basigin can induce protection in heterologous strains Williams et al., 2012 ) making this protein a very promising vaccine candidate. RH5-basigin interaction is essential for merozoite invasion (Crosnier et al., 2011; Wanaguru, Liu, Hahn, Rayner, & Wright, 2013) and also important in determining host tropism (Wanaguru et al., 2013) . Due to its much smaller size and the lack of a transmembrane domain, RH5 is a unique member of the RHs indicating a potentially unique function.
RH5 binds to basigin through the complex of RH5/PfRipr/CyRPA in the merozoite and antibodies against this complex inhibit invasion (Chen et al., 2011) , confirming its essentiality during merozoite invasion. Genetic studies have shown that the Ca 2+ signal observed in the RBC is dependent on the complex consisting of RH5/PfRipr/ CyRPA (Volz et al., 2016) .
In this study, we provided strong evidence that invasion blocking monoclonal antibodies (mAbs) targeting RH5 only block the Ca 2+ signal in the RBC in contrast to the other RHs, which trigger a Ca 2+ signal in the merozoite and further define the distinct nature of RH5. We furthermore show that RH5 binding to basigin is sufficient to trigger the Ca 2+ signal and provide evidence that dimerization of basigin is critical in this process. We provide data that an increase of cytosolic Ca 2+ in the RBC drives the downstream phosphorylation events that lead to changes in the RBC cytoskeleton required for merozoite invasion.
Taken together, signaling events direct the process of merozoites invasion. Understanding the key players in different signaling pathways is necessary in identifying potential targets for drug discovery.
2 | RESULTS
| RH5 mAbs block merozoite invasion
RH5 is the only member of RHs which has not been successfully knocked-out in all parasite strains so far tested (Baum et al., 2009) . It has been shown that RH5 is expressed in the rhoptry, and it secreted to the merozoites surface during invasion (Cowman et al., 2012; Rodriguez, Lustigman, Montero, Oksov, & Lobo, 2008) . To investigate the role of RH5 in invasion, we raised a panel of mAbs targeting RH5
( Figure S1a ). Three mAbs, RH5(5), 5(7) and 5(12), recognised the expected 63 kDa protein (Baum et al., 2009; Rodriguez et al., 2008) in both schizont extracts and parasite culture supernatants, while an additional~45 kDa product produced during invasion (Baum et al., 2009; Chen et al., 2011) was observed in parasite culture supernatant (Figure 1a ,b). The mAbs gave apical punctuate staining in segmented schizonts ( Figure 1c -e) which colocalized with RH1 or partially colocalized with EBA175 and AMA1, confirming their specificity. All mAbs block merozoite invasion in a dose dependent manner with a maximum invasion inhibition of up to 80% ( Figure S2a ). For all the subsequent studies presented, mAb RH5(7) was utilised. RH5(7) was able to block invasion of all laboratory strains tested in a dose-dependent manner ( Figure 2a ) in line with previous studies Williams et al., 2012) . Purified RH5(7)-Fab fragment displayed similar invasion inhibitory capacity as the complete mAb ( Figure S2b ). To assess whether the invasion inhibitory effect of RH5(7) was due to a direct disruption of RH5 binding basigin and whether this blocking takes place before or after junction formation, we carried out erythrocyte binding assay using parasite culture supernatant as well as merozoite junction blocking assays in the presence of increasing concentration of mAbs. RH5(7) directly inhibits binding of RH5 to RBC in a dose dependent manner ( Figure 2b ) indicating a direct disruption of the PfRH5-Basigin interaction and blocks junction formation in different parasite strains in line with the mAb acting at a step preceding tight junction formation ( Figure S2c ). The merozoite invasion step inhibited by RH5(7) was further analysed using time-lapse live video microscopy in the absence ( Figure S2d , Video S1) and presence of RH5(7) ( Figure S2e , Video S2). This indicates that in the presence of RH5(7) merozoites are trapped at the RBC surface after initial attachment and reorientation and are unable to penetrate often seen to dissociate from the RBC surface after some time suggesting that the antibody blocked a critical invasion step ahead of tight junction formation.
2.2 | RH5 mAbs do not block merozoite Ca 2+ signaling and EBA175 surface expression during invasion
We assessed whether RH5(7) impacts merozoite Ca 2+ signaling as was observed for invasion blocking antibodies targeting RH1 and RH2b (Aniweh et al., 2016; Gao et al., 2013) . We measured the FIGURE 1 Specificity of RH5 monoclonal antibodies (mAbs). Validation of RH5 mAbs by Western blot. 3D7 schizont extracts (a) and parasite culture supernatant (b) were probed with mAbs RH5(5), (7) and (12). The protein molecular weight (kDa) indicated by arrows. Validation of RH5 mAbs by Immunofluroscence microscopy. Smears of 3D7 late stage schizont were co-stained with RH5(5) (c) (7) (d) and (12) (e) (first column, green) and antibodies against other invasion markers RH1, EBA175 and AMA1, respectively (second column, red). Parasite nuclei were stained with DAPI (blue). In the merged images, areas of overlap between the red and the green signals are shown in yellow. Bright field indicates the outline of the schizont. Scale bar = 2 μm FIGURE 2 RH5 mAbs RH5(7) inhibits invasion not by blocking merozoite Ca 2+ signaling. (a) Invasion inhibition assay of W2mef, 3D7, T994 and T996 with RH5(7). Experimental data were reported as mean ± SEM; n = 3. (b) Erythrocyte binding assay was performed using parasite culture supernatant (sup) in the absence (0) or presence of increasing concentration of RH5(7) (20, 50, 150 and 300 μg/mL). Binding of RH5 was detected on Western blot probed with RH5(7). The protein molecular weight (kDa) is indicated by black arrows. (c) The dynamics of cytosolic Ca 2+ levels of merozoites were measured within 600 s during invasion by fluorescence plate reader. Preloaded merozoites were incubated with rede blood cells (RBCs) in the absence (RBC) or presence of either RH5(7) (RBC + RH5(7)(0.5 mg/mL)) or RH1 monoclonal antibodies (mAbs) C41 (RBC + RH1-C41(0.2 mg/mL)). Preloaded merozoites treated with Ca 2+ ionophore A23157 (RBC + A23187) and Ca 2+ chelator BAPTA-AM (RBC + BAPTA-AM) were used as positive and negative controls respectively. ∑ΔF(t) which reflects the cumulative change in merozoite cytosolic Ca 2+ was plotted against time. Experimental data were reported as mean ± SEM; n = 3. * p ≤ 0.00312. (d) Statistical analysis of the effect of mAbs RH5(7) on Ca 2+ signaling during W2mef merozoite invasion by FACS. Based on the data from Figure S3a , bar chart represents the percentage reduction of Ca 2+ positive of attached merozoites upon the addition of RH1-C41 or RH5(7). Experimental data were reported as mean ± SEM; n = 3. *** p ≤ 0.00623 indicates the significant difference of inhibition effect on the merozoite Ca 2+ between RH1-C41 and RH5 (7). (e) The detection of the merozoite EBA175 surface expression during the invasion by FACS. Based on the data shown in Figure S4 , bar chart indicates the percentage inhibition of EBA175 surface expression by RH1-C41 and RH5(7). Experimental data were presented as the mean ± SEM; n = 3. *** p ≤ 0.0044 indicates the significant difference of the effect on EBA175 surface expression between RH1-C41 and RH5 (7) Ca 2+ signals in invading merozoites in the presence and absence of RH5(7) using the fluorescence plate reader (Aniweh et al., 2016; Gao et al., 2013 Figure 2c) . Surprisingly, no inhibition of merozoite Ca 2+ signals was observed in the presence of RH5 (7) ( Figure 2c ). This was further confirmed using flow cytometry ( Figure   S3a ), which showed that RH1-C41 is able to reduce the Ca 2+ signal observed in merozoites by 41% during invasion while RH5(7) has little effect (Figure 2d ). Merozoite Ca 2+ signaling were also not impacted by EBA175 invasion inhibitory mAb R217 (Sim et al., 2011) as well as the R1 peptide which is known to block invasion by interrupting the AMA1 and RON complex needed for the establishment of tight junction (Harris et al., 2005; Lee et al., 2011; Figure S3b) consistent with these inhibitors acting after microneme discharge. Flow cytometry showed ( Figure S4a -c) that unlike RH1-C41 (Gao et al., 2013) , RH5(7) does not inhibit merozoite surface expression of EBA175 ( Figure S4d, Figure 2d ). Taken together, this clearly indicates that RH5 inhibitory mAbs inhibit invasion after 2 mg/mL)), RH5(7) (RBC + RH5(7)(0.5 mg/mL)), EBA175-R217 (RBC + EBA175-R217(0.5 mg/mL)) and R1 peptide (RBC + R1(125 μg/mL)), respectively. The dynamics of RBC cytosolic Ca 2+ level was measured within 600 s during invasion by fluorescence plate reader. Experimental data presented as mean ± SEM, n = 3. * p ≤ 0.022712 indicates the difference on cumulative Ca 2+ signal at time of 600 s of RBCs in the presence of RH5 (7) compared to that in the absence of RH5 (7) merozoites Ca 2+ signaling and microneme discharge but ahead of junction formation. permeable pathway (Lew & Tiffert, 2007 (Aniweh et al., 2016; Gao et al., 2013; Volz et al., 2016; Weiss et al., 2015) , (7): RBC + RH5(7)(0.01 mg/mL), RBC + RH5(7)(0.05 mg/mL) and RBC + RH5(7)(0.25 mg/mL). Inset: % Ca 2+ inhibition at the time of 600 s of RH5 (7) at different concentration was compared to that in the absence of RH5 (7) and plotted out. Experimental data presented as mean ± SEM, n = 3. ** p ≤ 0.00360156 and *** p ≤ 0.0010748. (c) Fluorescence images of RBC Ca 2+ upon rRH5 binding. Fresh RBCs labeled with Fluo-4AM were incubated with rRH5 (0.2 mg/mL) in the absence (RBC + rRH5(0.2 mg/mL)) or presence of RH5 (7) (RBC + rRH5(0.2 mg/mL) + RH5 (7) which reflects the cumulative change in RBC cytosolic Ca 2+ was plotted against time. Experimental data presented as mean ± SEM, n = 3 the entire RBC. The Ca 2+ intensity increased and peaked after about 10 s, concurrent with this, invaded RBC massively deformed and the Ca 2+ started to decrease until the signal disappeared after about 1 min followed by the infected RBC restoration of its shape. We further assessed the effect of invasion inhibitory R1 peptide and mAbs against RH5, RH1 and EBA175 on the RBC Ca 2+ signal using fluorescent plate reader. Merozoite invasion leads to a significant increase in the detectable Ca 2+ signals in the RBCs with only RH5 (7) showing an inhibitory impact ( Figure 3b ) while R1, RH1 and EBA175 mAbs have no effect. These data are consistent with the RH5-basigin interaction triggering RBC Ca 2+ during merozoite invasion, and this step is critical for the subsequent formation of a tight junction.
| Recombinant RH5 protein triggers Ca

2+ signaling in the RBC
Basigin is a multifunctional protein (Kanekura, Miyauchi, Tashiro, & Muramatsu, 1991; Miyauchi, Masuzawa, & Muramatsu, 1991; Muramatsu & Miyauchi, 2003) that has been implicated in intracellular Ca 2+ signaling in melanoma cells (Long et al., 2013) . In order to address whether RH5-basigin binding could be a trigger for the RBC Ca 2+
, we have successfully generated and purified recombinant RH5 (Cohen & Gascard, 1992; Mitchell & Bannister, 1988; Takakuwa & Mohandas, 1988) . We therefore tested 
| DISCUSSION
The process of RBC recognition to subsequent invasion of the host cell by the malaria parasite is a highly complex and regulated process. As merozoites only survive for a short period of time, it is crucial for the parasite to efficiently and effectively find a suitable host cell. To date, numerous parasite proteins have been identified to be involved in the invasion process. In many cases, their exact function during invasion is not yet known. Despite this, many of these invasion-related proteins have been explored as possible targets for intervention (Cowman et al., 2012) . A number of key players that are directly involved in host cell selection specificity have been identified (Wright & Rayner, 2014) .
In particular, EBL and RH (Williams et al., 2012) Recent work has shown that signaling events involving Ca 2+ as well as cAMP and cGMP regulate critical steps during merozoite invasion (Aniweh et al., 2016; Dawn et al., 2014; Gao et al., 2013; Lasonder et al., 2012; Taylor et al., 2001; Volz et al., 2016; Weiss et al., 2015) .
The precise signaling mechanisms that lead to the release of invasion proteins in a coordinated manner during invasion are still not clear. release (Aniweh et al., 2016; Gao et al., 2013) , there are some differences that still need to be resolved. Previous work has shown that RH proteins (RH1, 2a/2b, RH4 and RH5) appear to be located at the rhoptry neck, and our data would indicate that this enables at least some of the RHs to mediate the initial interactions with the RBC thereby triggering Ca 2+ release and microneme discharge. Only after In this study, we provide strong evidence that RH5 has a distinct function from other RHs and EBAs (Weiss et al., 2015) and RH5 by itself can effectively trigger Ca 2+ signaling in the RBC, RH5 induced dimerization of basigin may be a critical aspect of triggering the Ca 2+ signal in the RBC. Studies have shown that RH5 complex consisting of PfRH5/PfRipr/CyRPA is required for Ca 2+ release and the Ca 2+ signal observed in the RBC is dependent on this complex (Volz et al., 2016 . Our result is consistent with the fact that Ca 2+ signaling in the RBC is critical for a successful invasion. However, our data imply that the RH5 complex is not required for the RBC signaling as recombinant RH5 is able to effectively bind to basigin without parasites involved. In the merozoite, it is though likely that the PfRH5/ PfRipr/CyRPA complex is required to ensure proper location and availability of RH5 at critical invasion steps. It is though clear from our data that the RH5-basigin-Ca 2+ signaling in the RBC acts independently from the events regulated by the other members of RH in the merozoite. Our data also support the idea that RBC Ca 2+ influx is from the extracellular environment (Weiss et al., 2015) .
FIGURE 6 New schematic model of RH5 involvement during merozoite invasion. Upon its release, a merozoite attaches and reorients its apical end towards the red blood cell (RBC) membrane (a). RH1 located at rhoptry neck binds to its receptor on the membrane and triggers an increase in cytosolic Ca 2+ (b). Rise in cytosolic Ca 2+ levels leads to release of microneme (Mn) proteins such as EBA175. EBA175 then binds its receptor glycophorin A (GPA) (c). RH5-basigin interaction (d) results in an increase in RBC cytosolic Ca
2+
, triggering the changes of RBC cytoskeleton by upregulated phosphorylation. The binding of RH5 to basigin (indicated by a bracket "}" in white) could occur right after the reorientation and last until the EBA175 is released. Finally tight junction formation (e) leads to merozoite invasion. "N" represents nuclei in blue In summary, we provide comprehensive data that RH5 alone plays a direct role in Ca 2+ signaling during merozoite invasion. This signal triggers phosphorylation of specific RBC proteins and the subsequent rearrangements of the cytoskeleton. It is likely that changes on the RBC side are critical for the insertion and anchoring of parasite rhoptry neck proteins and junction formation. Our findings now allow us to develop a comprehensive new model of the sequence of events that lead to invasion (Figure 6 ). We propose that the complex invasion process begins with PfRHs exposed at the rhoptry neck interacting with its receptor on the erythrocyte surface, thereby either directly or indirectly activating a signaling cascade that leads to the release of intracellular Ca 2+ stores followed by triggering microneme and rhoptry discharge and junction formation. Concurrently, the RH5 mediated sig- 
| Isolation of Plasmodium falciparum merozoites
Plasmodium falciparum merozoites purifications followed as described previously (Gao et al., 2013) . 
| RH5 mAbs generation and purification
| Western blot analysis of parasite extracts and culture supernatants
Parasite cultures were synchronised at the ring stage with 5% D-sorbitol (Sigma) and cultured to mature schizont (Aley, Sherwood, Marsh, Eidelman, & Howard, 1986; Lambros & Vanderberg, 1979) . Tightly synchronised late schizonts were purified using 68% Percoll gradient centrifugation (Kutner, Breuer, Ginsburg, Aley, & Cabantchik, 1985) .
Schizonts extracts were washed twice with PBS, lysed directly using sample buffer and frozen and thawed three times, followed by separation on 12% SDS-PAGE. To prepare parasite culture supernatant, purified schizonts were allowed to rupture in the absence of RBC at 37°C on shaking. Cells were collected by centrifugation after 16 h, and supernatants were either stored in aliquots at −80°C or directly separated on 12% SDS-PAGE. Following electrophoresis, gels were transferred onto nitrocellulose membranes (0.2 mm) (Bio-Rad). Specific proteins were detected by using PfRH5 mAbs (1:2,000), followed by HRP-linked secondary antibodies (1:5,000) and enhanced chemiluminescence (GE healthcare).
| Immunofluorescence assays and microscopy
Synchronised late-stage schizonts were smeared and air-dried followed by fixation with acetone (Merck) for 5 min at RT. Smears were incubated with PfRH5 mAbs (1:500) and co-incubated with anti-rabbit EBA175 (MR4) (1:1,000), anti-rabbit AMA1 (1:1,000) (MR4) and RH1-C41 mAbs (Gao et al., 2013) (1:1,000) for 1 h in 3% BSA/PBS buffer, followed by three times for 5 min washes in 1X PBS. They were then incubated with a mixture of Alex Flour 594 goat anti-mouse IgG (H + L) and Alex Flour 488 goat anti-rabbit
IgG (H + L) secondary antibodies (1:1,000 respectively) (Molecular Probe) for 1 h. sSlides were washed in 1X PBS three times for 5 min. Slides were air-dried and mounting medium containing DAPI was applied (Vector laboratories) and the coverslips were sealed.
The fluorescence images were captured using a LSM710 Confocal Microscopy (Carl Zeiss).
| Invasion inhibition assay
Synchronised late-stage schizonts were purified. About 160 μL of parasite suspension was added in duplicate in a 96-well flat bottom microtitre plate containing PfRH5(7) mAbs and purified RH5(7) Fab fragment at 0.025 and 1.0 mg/mL, respectively, while well without antibodies served as positive control. R1 peptide (7.81, 31.25, 125 , 500 μg/mL) was also used to test its invasion inhibitory effect. Cells were stained with SYBR Green (Invitrogen) and washed 3 times with complete RPMI after 24 h of invasion. Newly invaded RBCs were counted for the presence of rings on FACS LSRII (BD) as described previously (Aniweh et al., 2016) . A total of 10,000 RBCs were counted and % parasitemia Experimental data are presented as the mean ± SEM, n = 3.
| Junction merozoite blocking assay
Junction merozoite blocking assay by RH5(7) at 300 μg/mL was modified from Gao et al., 2013 
| Erythrocyte binding assays
About 400 μL of W2mef parasite culture supernatant was incubated with 100 μL of packed normal RBCs in the presence of PfRH5(7) at final concentration ranging from 20 up to 300 μg/mL at 37°C for 1 h. The binding assays were carried out as described previously (Aniweh et al., 2016; Gao et al., 2008; Gunalan, Gao, Liew, & Preiser, 2011) .
| Live video microscopy
Live imaging of merozoite invasion into RBCs was performed as described (Aniweh et al., 2016; Gao et al., 2013; Treeck et al., 2009) to analyse the efficacy of the inhibitory antibodies RH5(7) at a concentration of 1 mg/mL during invasion. P. falciparum mature schizonts were incubated with RBC labeled with 10 μM Fluo-4AM and loaded onto a glass-bottom chamber in a complete RPMI with 5% CO 2 / 3%O 2 /N2 and observed under Zeiss LSM710 confocal microscope equipped with a temperature controlled stage. Bright field and fluorescence images were captured using a 1.4NA Plan-Apo 63× oil immersion lens. Fluo-4AM was excited with the 488 nm line of argon laser and emission was detected in the range of 497 to 552 nm. Eight-bit time-lapse images of invasion events were captured, and mean fluorescence intensity within region of interest in the focal plane was determined after background subtraction using Zen black software (Carl Zeiss). Fresh RBC labeled with Fluo-4 AM was incubated with purified rRH5 at 0.2 mg/mL in the absence or presence of RH5 (7) 
| Recombinant RH5 generation and purification
PfRH5 ecto-domain sequence (aa 26-526) was PCR amplified from 3D7 genomic DNA using primers RH5-Fwd: 5′-ATACCATGGGAAAA TGCAATAAAAAAAACGAAGAATCAAG-3′, and RH5-Rev, 5′-ATCG AGCTCTCATTGTGTAAGTGGTTTATTTTTTTTATAGTTTG-3′. The PCR product encoding full length PfRH5 was digested with NcoI and SacI (New England BioLabs) and inserted into pET9-d1-His6 vector (Gruber et al., 2002) . The plasmid was transformed into Escherichia coli BL21(DE3) (Stratagene) and cultured in liquid broth (MP Biomedicals)
at 37°C and later induced with 0.8 mM isopropyl-β-d-thiogalactopyranoside (IPTG, Sigma) at an optical density at 600 nm (OD 600 ) of about 0.6 to 0.8. Cells were harvested by centrifugation at 3,000×g
after 12 h of induction at 16°C. Cell pellets were lysed by sonication, and rRH5 was found to be slightly soluble though majority was in inclusion bodies. The soluble fraction was purified in 50 mM Tris, 250 mM NaCl (pH 7.5) by using complete His-Tag Purification Resin (Sebastian et al., 2012) . Further purification was carried out on Superdex 75 Column (GE Healthcare). The purity of rRH5 was verified by separating on a 12% SDS-PAGE and stained with coomassie blue (Bio-Rad). Steady-state CD spectra were measured in far-UV light (194-260 nm) using a CHIRASCAN spectropolarimeter (Applied Photophysics) as described previously (Saw, Eisenhaber, Eisenhaber, & Gruber, 2013) . The spectrum for the buffer was subtracted from the protein. This baseline subtracted spectrum was used for secondary structure prediction on K2D3 web server (Louis-Jeune, AndradeNavarro, & Perez-Iratxeta, 2012). Erythrocyte binding assay was carried out as described earlier using 0, 5, 10, 50 μg/mL of rRH5 and probed using RH5(7).
4.11 | Real-time merozoite Ca 2+ measurement during invasion by fluorescence plate reader
Fresh isolated merozoites were preloaded with 6 μM Fluo-4 AM (Invitrogen) in complete RPMI at 37°C for 20 min. Preloaded merozoites were washed twice with warm complete RPMI and then immediately resuspended in fresh RBCs or in the presence of RH5 (7) (0.5 mg/mL), RH1-C41 (0.2 mg/mL), EBA175-R217 (0.5 mg/mL) and R1 (125 μg/mL). The culture was also treated with 10 μM Ca 2+ iono- in the merozoites were timely assessed as described previously (Aniweh et al., 2016; Gao et al., 2013) . Data presented were from three biological replicates. Experimental data were shown as the mean ± SEM.
TECAN scanning was performed at 37°C.
| Merozoite Ca 2+ measurement during invasion by flow cytometry
Isolated W2mef merozoites were preloaded with Fluo-4AM as well as labeled with DAPI, followed by directly incubated with fresh warm RBCs containing 4 μM Cyto D in the absence and presence of mAbs RH1-C41 (0.2 mg/mL) and RH5(7) (0.5 mg/mL), respectively. The culture was immediately processed to BD LSR II (BD Biosciences) and followed the same gating as described previously (Aniweh et al., 2016; Gao et al., 2013) . We observe the % parent population of attached merozoites with increasing Ca 2+ signal from the culture in the absence (positive) or presence of RH1-C41 (RH1-C41) and RH5(7) (RH5 (7) BSA/PBS and then fixed with 1% p-formaldehyde (Sigma) for 45 min at RT and then stained for EBA175 as described previously (Aniweh et al., 2016; Gao et al., 2013) . Data shown in Extended Data The total changes of Ca 2+ levels (∑ΔF(t)) in RBC along the 600 s were summed up and plotted against time (s). Data presented were from three biological replicates. Experimental data were shown as the mean ± SEM. TECAN scanning was performed at 37°C. presented as the mean ± SEM. This protocol was adapted from Vines, McBean, & Blanco-Fernandez, 2010 (Vines et al., 2010 .
| RBC membrane extraction
To evaluate the impact of the induced Ca 2+ increase upon rRH5 binding on the membrane proteins, RBCs were treated with rRH5 (0.2 mg/mL) for 10 min. The uninfected RBCs was used as a control.
Cells were lysed with 0.02% saponin/PBS followed by centrifugation at 1,000 g at 4°C. The supernatant were pelleted by ultracentrifugation at 10,000 g for 10 min followed by ultracentrifugation at 150,000 g for 3 h. The membrane proteins were solubilized in lysis buffer containing 0.25% Triton X-100 (Pierce) and quantified by and centrifuged at 20,000 g at room temperature for 20 min. The protein concentration of the supernatant was then determined by the bicinchoninic acid (BCA) assay. Tryptic peptides of RBC cells were prepared as previously described. Phosphopeptides were enriched using titanium dioxide as described (Hao, Guo, & Sze, 2011) .
Phosphopeptides were analysed using a Dionex Ultimate 3000 RSLC nanoLC coupled to LTQ-FT-ICR LC-MS/MS system (Thermo Electron, Bremen, Germany) as previously described (Thingholm, Jorgensen, Jensen, & Larsen, 2006) .
| LC MS/MS data analysis
Raw data files (Excel file in Supporting information) were converted into the mascot generic file format using ProteomeDiscoverer version 1.4 (Thermo Electron, Bremen, Germany) with the MS2 spectrum processor for de-isotoping the MS/MS spectra as previously described (Hao, Ren, Tam, & Sze, 2013 
| Atomic force microscopy analysis of cytoskeletal changes
Cytoplasmic-surface-exposed samples used for cytoskeletal imaging were prepared as described previously (Millholland et al., 2011; Shi et al., 2013) . Briefly, RBCs treated with recombinant RH5 were incubated on the surface of coverslips that were functionalized with Erythroagglutinating phytohemagglutinin (PHA-E, EY laboratories) prior to incubation. After 3 hours of incubation, cells attached to the coverslips were rinsed with PBS followed by shear washing with excess of 5P8-10 buffer (5 mM Na 2 HPO 4 /NaH 2 PO 4 , 10 mM NaCl, pH 8.0). The cytoplasmic-surface-exposed-samples thus obtained were vacuum dried overnight for cytoskeletal imaging and mesh size estimation. Imaging was performed with a JPK Nanowizard I Atomic force microscopy instrument (JPK Instrument AG, Germany) using super sharp silicon probes (SSS-NCHR probes, Nanosensor, Neuchatel, Switzerland) in intermittent air contact mode. Height images were captured at a resolution of 512 × 512 pixels for 1 × 1 μm areas. To quantify the cytoskeletal mesh size, we used Matlab and built skeletonized images from coordinate matrix (withdrawn from JPK data software) and evaluated the average mesh size of each skeletonized image as reported previously (Shi et al., 2013) .
| Statistical analysis
Statistical comparison was done using one-way ANOVA as appropriate.
A p value of <0.05 was considered statistically significant. The p-value is provided for some individual experiments.
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